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Abstract
In this study Advanced Grid Stiffened (AGS) composite structures are developed and
analyzed for their mechanical properties. It is widely known that these structures possess
light weight, high strength, and inherent impact resistance. Because of the advantages
mentioned above, the AGS composite structures find many applications in aerospace,
ship building and construction industries. The purpose of this study is to manufacture
AGS composite structures and analyze AGS composite structures as reinforcement
members. A FEA model is also developed and validated with the test results. Parametric
analysis is also conducted to investigate the effects of different design parameters on
these structures.
The research is divided into five phases. In the first phase, discussions are made about the
fabrication of AGS composite structures. A fabrication technique is developed to
fabricate a circular cylinder and a square cylinder with orthogonal grids. The second
phase, the AGS composite tubes are used to confine concrete. Specimens are prepared
and they are subjected to uniaxial compression test, to evaluate the confinement
effectiveness of the AGS tube. In the third phase, a FEA model is developed using
COSMOS/M software package. In this model, the support of the concrete to the ribs
within the bay area is considered as a Winkler foundation. The FEA model is validated
using test results. In the fourth phase, the validated model is used to conduct parametric
analysis. The effect of various parameters on the structural behavior is evaluated and
ways to further improve the structure are found. In the final phase, results are analyzed
and discussions are made from the comparisons and general conclusions are drawn
accordingly.

ix

1 Introduction
Fiber Reinforced Polymer (FRP) composites can be defined as combination of fiber (glass,
carbon, etc...) and polymer matrix which provides reinforcement in one or more directions. FRP
composites differ from traditional structural materials such as steel or aluminum. They have
anisotropic properties (properties only apparent in the direction of the fibers) while other
traditional materials have isotropic properties (uniform properties in all directions). Therefore,
FRP composite properties are directional, meaning that FRP can be tailored and can provide the
optimal reinforcement in the desired direction. In addition to tailorability, FRPs are attractive
because of their high strength/stiffness to weight ratio, light weight, corrosion resistance, and
ease of fabrication. Aircraft fuselage and launch vehicle fuel tanks are some of the many
applications of these composite structures in aerospace and aircraft industries Jaunky et al. 1998
[1]. Construction applications of FRP composites have been surveyed by Kant et al. in 1997 [2].
There are a great variety of FRP structural forms available in the market, out of which
Huybrechts et al. in 1996 [3] reported that Advanced Grid Stiffened (AGS) composite structures
are gaining attention because of their significant advantages over laminated composites such as
light weight, higher load carrying capacity and higher impact resistance.
According to ACI 440.1R-01 a grid can be defined as, a two-dimensional (planar) or three
dimensional (spatial) rigid array of interconnected FRP bars that form a contiguous lattice [4]. In
general, structures that are made of interlaced unidirectional fiber composites can be termed as
grids, lattices of rigidly connected ribs are termed as grid structures. These AGS composite
structures derive their strength from their ribs [3] .AGS composite structures are characterized by
a shell structure (or skin) supported by a lattice pattern (or grid) of stiffeners. Typically these
stiffeners run in 2-4 directions along the shell forming a repeating pattern (Huybrechts et al.
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2002) [5]. The main impetus for using these grid structures is to exploit their unidirectional
properties of these structures. The basic elements of a grid structure are the nodes, the ribs, and
the unit cells, as shown in Figure1.
Rib

Unit Cell

Node
Figure 1: Explanation of the grid structure
Although AGS structures have many advantages, they suffer from global/local buckling and
crippling failure. There is also a need for extensive research to develop a reliable design and
fabrication technique.

1.1 Hypothesis
This thesis provides an insight into the manufacturing technique used for fabrication of a
cylindrical and a square grid structure as well as to analyze their structural behavior. In
particular, the structural behavior of a hybrid AGS structure, i.e., AGS tube confined concrete
cylinder is investigated. It is expected that the AGS tube will provide effective confinement to
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the concrete core through mechanical interlocking. Concrete will protect the ribs from local
buckling or crippling. A significant composite action between the AGS tube and core is
anticipated.

1.2 Goals
The main objective of this research is to fabricate and to evaluate the structural behavior of a
cylindrical and a square AGS composite structure. Over the past four decades, a lot of research
has been focused on the buckling, collapse, and post buckling behavior of cylindrical shells
(Knight et al. 1997) [6]. This research attributed the failures due to the lack of any lateral
support to the ribs. Therefore, the second goal is to reinforce these ribs laterally. The lateral
supports can be provided by engaging various materials in the open panels or bays between and
among the ribs. In this study, the filling material is concrete. The composite action is analyzed
using finite element analysis. The lateral support provided to the ribs by the engaged concrete is
modeled as Winkler foundation. The model is first validated using the test results. The validated
model is then used to evaluate the effect of various parameters on the structural behavior of the
AGS tube confined cylinders. Further improvements are suggested based upon the modeling
results.

1.3 Scope
While it is realized that a large scope of work is required to make the research mature, this study
is limited to some key issues which help us to understand the fundamental structural behavior
and the manufacturing, including:
•

Fabrication of cylindrical AGS tubes and square tubes.
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•

Preparation of AGS tube confined concrete cylinders, both circular and squared
cylinders.

•

Construction and validation of a FEA model using test results.

•

Parametric analysis using the validated FEA model to find ways of further improving the
structural capacities of AGS tube confined concrete cylinders.

•

Results and discussions, and conclusions.
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2 Literature Review
AGS composite structures are gaining attention because they seem to offer a possible solution to
the problems that are inherent to laminated composite structures. Grid design is not a very new
structural concept. They are used by aeronautical engineers to stiffen spacecraft solar cell arrays.
These grid structures are also used by structural engineers and by design engineers as structural
members. The advent of new manufacturing techniques in filament winding and automated fiber
placement techniques as well as new innovative tooling concepts have decreased the
manufacturing difficulties and hence have boosted the application of these grid stiffened
composites (Helms et al. 2001, Black 2002) [7-8]. The promising future of grid stiffened
composite, has in turn led to an extensive research work in this area (Jaunky et al.1995, Phillips
et al. 1990, Gerdon et al.1985, Jaunky et al. 1998, Wang et al.1995) [9-13]. Basically these grid
structures can be differentiated into the following categories: Quadri-directional grid structures,
Tri-directional grid structures, Angle-grid structures, Ortho-grid structures (David et al. 1998)
[14], as shown in Figure 2.
Tri-directional Grid

Quadri-directional Grid

Orthogonal Grid

Angle Grid

Figure 2: Different types of grid structures
5

In grid structures, whenever there is damage or delamination the crack propagation tends to
remain fixed to a particular cell (Meyer 1973) [15]. Work at the U.S. Air Force Phillips
Laboratory has proved that grid construction with continuous graphite fibers gives exceptional
stiffness and lighter weight to flat or curved panels, and such panels have found ready
applications in space structures (Koury and Kim 1991) [16] (Koury et al. 1993) [17]. Kouri and
Dutta in 1993, [18] at McDonnell Douglas Special space Programs found isogrid lattice to be a
complete structure by itself; as they can effectively resist tension, compression, and shear and
bending loads and are also torsionally stiff (McDonnell Douglas 1981) [19]. Chen in 1995, [20]
found that isogrids made from unidirectional fiber composites have the highest in-plane strength
with only slight reduction in other configurations, have the flexural strength higher than solid
plates, similar to sandwiches, and also have minimal hygrothermal response. One inherent
disadvantage with these isogrid structures is that they are not cost effective. Buckling analysis on
the grid structures has been done by Kidane et al. in 2002 [21-22]. Huybrechts et al. in 1996, [3]
worked on developing a computer code to model grid structure deformation and failure.
Investigations are made with the computer code to check how the grid structures would react to
some of the cases like effects of empty, soft, hard and rigid inclusions, the effects of missing
ribs, the effects of nodal offset, the impact of soft and hard repairs to the grid structure lattice and
impact of joining grid structures together [3]. There have been investigations into the energy
absorption capacity of the grids. Gan et al. in 2004, [23] reported that these AGS composite
structures have excellent damage tolerance and most of the energy absorption occurs beyond
initial failure. Colwell in 1996, [24] and Koury et al. in 1993, [18] made investigations on the
grid structures to increase the volume fraction of fibers.
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The AGS composite structures find applications in high-tech aircraft as primary and secondary
structures and also as jet engine components to low-tech cargo containers, launch pads for
rockets and also for concrete reinforcement. Mohamed Saafi in 2000, [25] reported that AGS
composite structures are receiving wide attention as generic structural forms for a variety of
applications in the engineering field. The grids are suitable for bridge decks, flat slabs, walls,
shear walls, and dams because of their unidirectional strength characteristics. Applications of the
grid structures and their success in Japan are reported by Sugita in 1993, [26-27], Fujisaki et al.
in 1993, [28] and Sugita et al. in 1992, [29]. Schmeckpeper et al. in 1994 [30] and Rosen in 1965
[32] reported the applications of these grid structures in United States of America. Extensive
research is done into the failure mechanism of unidirectional composites which are reported in
references (Rosen 1965, Gresczuk 1975, Davis 1975, Hahn et al. 1984, Berg 1973, Hahn et al.
1986, Piggott 1981, Hancox 1975, Chamis 1974) [32-40].
From the above literature survey, it seems that almost all the studies are limited to AGS as an
individual load carrying members. Very little is known about its interaction with other structures
or structural components, for instance, when it is used to confine other materials like concrete.
Very little is known about its effectiveness when the ribs are supported laterally to resist local
buckling or crippling. This will be investigated in this study through manufacturing, testing, and
FEA modeling.
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3 Fabrication of Advanced Grid Stiffened (AGS) Composite
Structures
The AGS composite structures are fabricated using glass fibers and UV cured vinyl ester resin.
Three circular cylinders and two short square cylinders are manufactured with orthogonal ribs. A
schematic of the circular and square cylinders are shown in Figures 3 and 4.

Figure 3: Circular grid model

Figure 4: Square cylinder model
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The bay dimension is 25.4 ×25.4 mm2 (1 × 1 inch2) and that of the rib cross-sectional dimension
is 6.350×6.350 mm2 (0.25 × 0.25 inch2) for all of the specimens. The raw material properties are
given in Table 1.

Table 1: Physical and mechanical properties of the raw materials used
Viscosity at 25
Materials

o

C (cps)

Tensile

Modulus of

Density

Strength (MPa)

Elasticity

(g/cm3)

(GPa)
UV curing resin

500

70

4.2

1.068

E-glass fiber

-

1379

80

2.62

The rule of mixture’s method is used for calculating the values of E1, E2, G12, by using the raw
material properties in Table 1.

E1 = E f v f + E m v m
E2 =

G12 =

vf
Ef

vf
Gf

(1)

+

vm
Em

(2)

+

vm
Gm

(3)

Where,

E f - Elasticity modulus of E-glass fiber
E m - Elasticity modulus of UV curing resin
G f -Shear Modulus of fiber
Gm - Shear Modulus of resin
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vm - Volume fraction of resin and
v f - Volume fraction of fiber
From the calculated values of E1, E2, G12, the rest of the values in Table 2 are calculated.
So by using the rule of mixture’s and with vf = 30% the following composite material properties
have been calculated and are given in Table 2.
Table 2: Composite material properties used

E1

E2

E3

G12

G23

G13

υ12

υ23

υ13

26.94 GPa

5.87 GPa

5.87 GPa

2.23 GPa

2.00 GPa

2.23 GPa

0.32

0.47

0.32

From experiments the values of tensile strength and modulus are calculated and are given in
Table 3. Table 4 gives the mechanical properties of the grid and the skin. The volume fraction of
the composite is determined using burn-out test which is discussed in the later part of the report.
Table 3: Mechanical properties of the composite from coupon test
Volume Fraction

Tensile yield Strength

Modulus of Elasticity (GPa)

(MPa)

vf = 30%

220

35

Table 4: FRP skin coupon test results [41]
Types of

Ultimate strain

Tensile strength

Modulus of

(%)

(MPa)

elasticity (GPa)

0o fibers

2.32

320.2

15.1

90o fibers

0.85

39.3

3.9

Fiber orientation
coupons

FRP skin
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3.1 Circular Cylinder Fabrication
For fabrication of these circular cylinders a mold was made of aluminum and is as shown in the
Figure 5. The mold has an outer radius of 50.8 mm (2 inches) and is 304.8mm (12 inches) in
height.

Figure 5: Mold for circular cylinder
From Figure 5, it can be visualized that the mold has holes, which are provided to accommodate
rolled pins. The pins act as guide lines for the fiber along the circumference of the mold. As it
can be seen from the figure, the mold has holes in sets of four and there are 12 longitudinal paths
and 11 circular paths for the fiber to pass through. Before fabrication the mold is cleaned and
wrapped with a mylar sheet (helps in detaching the mold from the grid). Then the rolled pins are
hammered into the holes on the circular mold. After this, a steel rod is passed through the hollow
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section of the mold and held on a stand at both ends. This setup is intended to easily
accommodate the fibers along the mold. The fabrication setup is shown in Figure 6. From the
setup, we notice that spools of fibers are held on one extreme. The resin bath is incorporated
after the fiber spools and the circular mold mounted on the steel rod supported by stands on both
sides towards the other extreme. The fibers from the spools are first passed through a roller in the
resin bath, and then through hooks on the upper wooden piece to guide them properly. The roller
helps in maintaining tension during the fabrication process. In total twelve fiber spools are used.
After passing eleven of the resin wet fibers along the circumference of the mold, the remaining
one fiber is passed along the longitudinal direction of the mold. The tension during this process
is supplied by the height difference between the stand and the fiber spools. After the first layer is
wound, the second layer is laid in a similar fashion and continued till eight layers (thickness
approximately equal to 0.25 inches) are formed. After the eighth layer, the fiber is cut and the
specimen is exposed to an UV light source (or sunlight) for curing. Typical curing time is about
half an hour for each sample. Once the sample is dry, the pins are removed and the mold is
removed from the cured grid. The dimensions of the final fabricated sample are 101.6mm
(4inches) inner diameter and a thickness of 5.08mm (0.2 inches) and 304.8mm (12 inches) long.
Following the same procedure three circular cylinders were manufactured.

3.2 Square Cylinder Fabrication
For the square cylinder the mold is made from a steel beam of cross-section 101.6×101.6mm2
(4×4 inches2) and 558.8 mm (22 inches) high. The mold for the square cylinder is shown in
Figure 7. From Figure 7, it can be visualized that the edges of the mold are kept smooth so that
there will not be any damage to the fiber. Pins are placed in the holes to guide the fiber during
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fabrication. The fabrication procedure is similar to that of the circular cylinders except that the
number of rollers used will be more as there are more number of ribs in the hoop direction. The
final product has dimensions of 101.6 mm (4 inches) in breadth, 101.6 mm (4 inches) in width,
558.8 mm (22 inches) in length, and 6.35 mm (0.25 inches) in thickness. The long square
cylinder is cut into short square cylinders of equal height of 254 mm (10 inches). The final
product is shown in Figure 8.
Spools for
the fiber

Mold

Resin
roller

Resin tub

Figure 6: Set up for fabrication
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Figure 7: Mold for square beam

Figure 8: Fabricated short beams
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4 Testing
4.1 Raw Materials and Specimen Preparations
To study the interaction of AGS with other structures and the effect of lateral support on
improving the local buckling resistance, AGS tube confined concrete cylinders are prepared,
with three circular cylinders and two short square cylinders. All the specimens are wrapped with
a unidirectional GFRP (Glass Fiber Reinforced Polymer) skin to provide confinement, strength
and also as protection from environmental corrosion when these structures are filled with
concrete. The mechanical properties of the skin are given in Table 4. Before casting concrete,
one end of the tube is capped using a plastic sheet. Figure 9 shows the prepared circular cylinders
before filling concrete.

Figure 9: Three circular cylinders after wrapping the unidirectional FRP skin
The concrete used in the experimental program consisted of normal strength concrete, with a 28day compressive strength of 30 MPa. Type I Portland cement, gravel, natural sand, water, and
DARAVAIR 1000 are used to prepare the concrete. The mix design followed ACI Standard
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211.1 (“Standard” 1991). The mix ratio by weight is cement: water: gravel: sand: admixture = 1:
0.54: 4.40: 2.38: 0.001. The concrete is cast, compacted, finished, and cured for 28 days in a
standard wet curing room.
4.2 Instrumentation and Testing
4.2.1Compression Test on Circular Cylinders and Square Cylinders
In order to gain an in-depth understanding of the composite structural behavior, strain gages are
used to obtain local strain distributions. Before testing, strain gages were mounted to samples
assigned for compression tests. Seven strain gages were used on the circular cylinders and eight
on the square cylinders. For the circular cylinder two strain gages were mounted at the midheight of the cylinder aligned along the hoop and in the longitudinal directions, respectively on
the inner side of the circular cylinder before filling it with concrete. The schematic shown in
Figure 10 shows the way in which strain gages are placed inside the circular cylinder.

Strain gage in
longitudinal
direction

Strain gage in hoop direction
Figure 10: Strain gage placement inside the cylinder
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Two pairs of strain gages are mounted at the mid height span and are 180o apart along the hoop
direction. Each pair of strain gages are mounted in such a way that one of them is placed in the
hoop direction and the other in the longitudinal direction. The seventh strain gage is placed in the
center of the grid or other wise it can be said it is put in the space between the grids. Figure 11
shows the way in which strain gages are placed on the specimen, the strain gages are placed in a
similar fashion on the opposite side as well.

External strain gage in
longitudinal direction

External strain gage in
hoop direction

Figure 11: Schematic showing the placement of the strain gages on circular cylinder
Even for the square cylinder, the two strain gages are mounted inside at mid height span length.
The outer gages are placed in a similar fashion to that for the circular cylinders. The seventh
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gage is placed in between the grids and the eighth gage is placed on one of the corners. Figure12
shows the arrangement of strain gages on the square cylinder and Figure 13 shows the way in
which the strain gages are mounted inside the specimens. Each sample is uniaxially compressed
to ultimate failure. The compression tests are conducted using a FORNEY machine.

Figure 12: Strain gages on the square cylinder

Figure 13: Placement of strain gages with in the circular cylinder
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This machine has a capacity of 2,688kN. The assembled computer data acquisition system can
directly record the load-displacement curves. The strain is obtained using a Yokogawa DC100
Data Acquisition Unit. The compression test is conducted according to the ASTM C 39 for
concrete. The loading rate is 0.23 MPa/s. The test set-up, with strain gages, is shown in Figs. 14
and 15.

Figure 14: Compression testing procedure
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Figure 15: Testing of the square cylinder
4.2.2 Burn-Out Test
‘Burn-out’ tests are carried on all the specimens to determine the fiber and resin volume
fractions. The test method in ASTM D2584 “Standard Test Method for Ignition Loss of Cured
Reinforced Resins” (ASTM 1994) is followed. In reference to the procedure followed by Melda
Ozel in 2002, [42], a dry and clean crucible is taken and its weight is recorded. The specimen is
kept in the crucible and the overall mass is determined. Then the crucible is placed in a furnace
and heated to 565°C until the resin burned out completely. The crucible with the remains is
removed from the furnace and cooled to room temperature. The post burnout mass is measured.
For doing the burn-out test three identical samples are cut from each of the specimens.
20

Nomenclature for Burn-Out test:
Wc

Weight of crucible (g)

Wc+s

Weight of crucible + sample (g)

Ws

Weight of sample before burn-out Wc+s-Wc (g)

Wc + g

Weight of crucible + residue after burn-out (g)

Wg

Weight of glass fiber Wc+g-Wc (g)

Wr

Weight of resin Wc+s- Wc+g

ρg

Glass fiber density (g/cm3)

ρr

Density of matrix (g/cm3)

vr

Volume fraction of resin

vf

Volume fraction of glass

Vf

Volume of the glass fiber

Vr

Volume of the resin

The glass fiber density is 2.62 g/cm3. The liquid density of the UV curing vinyl ester resin is
1.068 g/cm3. The filler content is assumed to be negligible in the calculations. Thus, fiber
volume is given by
⎛ Wg
Vf = ⎜
⎜ ρ
⎝ g

⎞
⎟
⎟
⎠

(4)

and the volume of the resin is given by
⎛W
Vr = ⎜⎜ r
⎝ ρr

⎞
⎟⎟
⎠

(5)

Therefore volume fraction of the resin is given by
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⎛ Vr
vr = ⎜
⎜V +V
f
⎝ r

⎞
⎟
⎟
⎠

(6)

and that of the glass will be given by
vf = 1- vr.

(7)

4.3 Testing Results
4.3.1 Compression Test on Circular Cylinder and Square Cylinder

A typical axial stress-axial strain behavior of plain concrete and that of the circular cylinder is
shown in Figure 16.
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Figure 16: Typical axial stress vs. axial strain plot for circular cylinder and plain concrete

Figure 17 shows the typical axial stress-axial strain behavior of plain concrete and that of the
square cylinder. From Figs. 16 and 17, it is seen that the stress-strain behavior is linear. This is a
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distinctive feature of AGS tube confined cylinders, as this is not the typical curve for Fiber
Reinforced Polymers (FRP) tube confined concrete.
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Figure 17: Typical axial stress vs. axial strain plot for concrete and square cylinder

This type of behavior can be attributed to the unique confinement mechanism and composite
action. By filling fresh concrete into the AGS tube, the concrete flows into the holes or bays
formed between and among the surrounding ribs. Once the concrete is cured, the concrete within
the bays and the surrounding grids are mated, forming a mechanical interlocking. This type of
physical interfacial connection is durable and permanent in nature and offers resistance to
deformation. Unlike chemical adhesives, the interfacial shear strength does not degrade or age
with time. For traditional FRP tube confined concrete cylinders, the FRP tube only provides
passive confinement, i.e., the FRP is activated gradually to confine the concrete when the

23

unconfined concrete strength is reached. This is evidenced by the transition zone in the typical
bi-linear axial stress-strain behavior. Unlike FRP tube, the AGS tube does not show the transition
zone i.e., the axial stress-strain behaves linear until the AGS rib fractures. The lack of the
transition zone suggests that the AGS tube is actively involved in confining the core because of
the mechanical interlocking. The lateral expansion of the concrete core is further resisted by the
ribs surrounding the concrete within the bay. The AGS tube confines the core without gradual
activation.
4.3.2 Burn-Out Test Results

The results from the burnout test are tabulated in Table 5.
Table 5: Burn-Out test results

Wc

Wc+s

Ws

Wg

Wr

Vg

Vr

18.2 g

21.2g

19.7g

1.5g

1.5g

0 .572

1.4

From the above test results it is seen that the typical fiber volume fraction is 30%.
4.4 Local Stress-Strain Distribution

The mounted strain gages recorded the local strain distribution on the surface of the FRP skin.
Because the skin is very thin (0.738 mm or 0.029 inches), it also gives some insight into the
strain distribution in the grid and the concrete which lies below it. It is noted that the axial strain
is negative (compression), while the transverse strain is positive (tension). The mounted strain
gage data are collected for both circular cylinder and square cylinder, but the data collected from
the square cylinder is not sufficient to analyze the behavior as the strain gages are dislodged very
early during the experiment.
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Figure 18: Axial stress vs. axial strain plot from strain gages for circular cylinder

Figures 18 and 19 give us an insight into the real time stress distribution in the circular cylinder.
As we can see from Fig. 18 the maximum stress developed in the axial direction on the skin is
251 MPa, where as the strain gage placed on the inner side of the grid had a maximum stress of
217.9 MPa. Similarly in the transverse direction the maximum stress developed is 42.3 MPa on
the strain gage attached to the skin of the circular cylinder.
4.5 Failure Mode

The failure of the sample, as expected, is due to shear failure of the ribs. The local buckling
failure mode, which is typical of AGS structures, has been significantly reduced due to the lateral

25

support and composite action with the confined concrete. The failure of the sample is initiated by
the skin failure. After that, the stress redistributed and the only the ribs provide the confinement.
Each rib section between two nodes is like a short beam resting on an elastic foundation. The
pressure applied to the ribs by the concrete core is so large the transverse shear stress within the
ribs exceeds the transverse shear strength of the ribs, leading to shear failure of the ribs. The
failure of the skin and then the failure of the ribs are shown in Figures 20 and 21, respectively.
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Figure 19: Hoop stress vs. hoop strain from strain gages for circular cylinder
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Figure 20: Skin failure

Figure 21: Grid failure
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5 Modeling of AGS Composite Structures
The analysis of these AGS composite structures was conducted using COSMOS/M version 2.7.
For analyzing the behavior of these structures a 3-D model was developed for the orthogonal
grid circular cylinder. In the model one longitudinal cross section with circular ribs is developed
and is used to develop the whole model. The skin is also attached to the building block and used
for producing the structure which is shown in Figure 22.

Figure 22: Longitudinal cross section used for developing the model

The final model has longitudinal and circular ribs which run at an angle of 90 degrees to each
other. The nodes are merged at each and every nodal cross section so that the structure is
continuous and also to make the displacement compatible. After adding the skin and merging the
nodes with that of the grid the final model is shown in Figure 23. The fibers in this structure are
oriented in two directions namely 0 and 90 degrees. The outer skin is unidirectional and is
oriented at an angle of 0 degrees. Care is taken to make sure that the skin and the grids are
merged. The orientation of the fiber in the grid structure is shown in Figure 24.
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Figure 23: The final model with the skin

Fiber angle 90o

Fiber Angle 0o

Figure 24: Orientation of the fibers in the structure
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5.1 Interaction of Concrete/Ribs
In the grid tube confined concrete cylinders, the concrete can be divided into two components,
i.e., the circular concrete core and the concrete within the bay area. Based on the current FRP
tube or steel tube confined concrete cylinders, the interaction between the circular core and the
tube can be represented by an internal pressure, which is related to the following confinement
model by Lam and Teng in 2002 [43 & 44]:
f ' cc
f
= 1 + 2( r )
f ' co
f ' co

(8)

Where f’cc is the confined concrete strength, f’co is the unconfined concrete strength, and fr is the
confining pressure.
From Equation 8, the pressure applied to the ribs by the circular core can be calculated as:

fr =

1
( f ' cc − f ' co )
2

(9)

For the concrete within the bay area, the support of the concrete to the ribs is simplified as a
Winkler foundation in this thesis. Winkler foundation has been widely used in model
structure/foundation interactions. The Winkler foundation is a simplified elastic-support model.
Winkler’s model assumes that the deflection, w, of the supporting medium at any point on the
surface is directly proportional to the stress, q, applied at that point and is independent of stress
applied at other locations, i.e.

q ( x, y ) = kw( x, y )

(10)

where k is termed as modulus of reaction with units of stress per unit length.
One important feature of Winkler foundation is that the displacement occurs immediately under
the loaded area and outside this region the displacement is zero. Another significant feature of
Winkler foundation is that the displacements of the loaded region will be constant whether the
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supporting medium is subjected to an infinitely rigid load or a uniform flexible load. Figure 25
explains the concept of Winkler foundation.

Figure 25: Winkler foundation concept
5.2 Meshing

Meshing of the structure with the correct element is very important in developing a good model.
The element used for meshing the skin and ribs is SOLIDL (Composite 8-node solid element).
The spring element with 3 nodes is chosen for the Winkler foundation. The SOLIDL element
chosen for the composite is shown in Figure 26 and the element used for the spring is a point
element which is shown in Figure 27.

Figure 26: Composite SOLIDL element
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k torsional

k axial
XYZ: Global Cartesian Coordinate System
xyz: Element Coordinate System

Figure 27: Spring element
5.3 Boundary Conditions and Loading

The global coordinate system of the cylinder is defined in such a way that the bottom surface of
the cylinder lies in the x-y plane and the positive z-axis is aligned with axis of the cylinder. The
following are the boundary conditions that are imposed on the cylinder
1. Displacement in z direction is considered to be zero at the bottom surface of the cylinder
but is free at the top face of the cylinder where the load is applied and the rest of all
displacements are considered to be zero (at z = 0, UZ

=

0 and at z = h, UZ ≠ 0, UX = 0, UY

= 0, RX = 0, RY = 0, RZ = 0).
2. A uniform pressure is applied on the top face of the cylinder (z = h).
3. The pressure applied by the concrete on the inner surfaces of the cylinder is calculated
using the above confinement Equation 2.
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4. Using the concept of Winkler foundation, the spring elements are meshed on the surfaces
of the ribs surrounding the concrete in each bay. Figure 28 shows how the spring
elements are being applied on the surfaces.
5. To simulate the stress applied on the skin by concrete, a uniform pressure is applied on
the skin. The value of pressure is calculated using the internal pressure formula.

σh =

Pr
2t

(11)

where σ h is the stress developed due to the pressure P in a cylinder of radius r and
thickness t.

Figure 28: Meshing of the spring elements
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5.4 Merging

The issue of merging is very critical to the model. Care should be taken to insure that each node
is merged properly to avoid the problem of singularity. It is found that using a tolerance 0.01, all
the nodes are merged properly. The concrete within the bay areas, which has been simplified to
springs, is applied on the lateral surfaces of the ribs by spring element. The inner surfaces which
are in contact with the concrete are merged with the spring elements with a tolerance of 0.001.
After merging there are approximately 19,440 nodes, 26,400 elements and 58,320 active degrees
of freedom in the model.
5.5 Determination of the Winkler Foundation

Before executing the FEA model, the elastic modulus of the Winkler foundation needs to be
determined by trial and error process. The criterion of determining this parameter is axial strain.
Using the test specimen as an example, the axial strain calculated by FEA is compared to the
axial strain from the strain gauge measurement. When the stiffness is 1E9 N/mm3 the FEA model
gave reasonable results. Figure 29 shows how the spring elements are applied on a unit grid.
Figure 30 shows the variation of axial stress with the value of spring stiffness.

Figure 29: Unit cell with springs (Winkler foundation)
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Figure 30: Variation of axial stress with spring stiffness k
5.6 FEA Model Validation

Several features can be used to validate the FEA model. As it can be seen from the test results
that the failure of the cylinder is initiated in the skin. By subjecting the circular cylinder to an
axial compressive pressure (70 MPa) and by applying the internal pressure on the grids (19MPa)
and the skin (2.9MPa), the stress in the skin is examined. From Table 4 it is seen that for the skin
to fail a stress of 320 MPa is needed in the hoop direction. From the FEA model, the stress
developed is 322.6 MPa, which indicates that the skin has failed. It is observed that the
maximum stress is developed just below the first ring from the loading end. Figure 31 shows
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how the cylinder looks after loading. It is clearly seen that the maximum stress location is along
a ring below the loading end, which is in agreement with the test observation.
The second feature used to validate the FEA model is the failure of the ribs. After the failure of
the skin the grid is the only mechanism to confine the concrete. To simulate the grids, ribs are
modeled without the skin with the same set of loading. It is observed that the maximum hoop
stress developed in the rings is 222.9 MPa, as shown in Figure 32. As given in Table 3, the
ultimate tensile strength of a ring is 220 MPa. Since the rings are a unidirectional rod, the
maximum tensile stress criterion can be used to predict the failure. Obviously, the maximum
hoop stress from the FEA and that from the test results is close, which suggests that the rings
fracture and the cylinder fails. This is in agreement from the test results. Table 6 summarizes the
comparison of the maximum tensile stress in the skin and in the ring with the FEA results.
Table 6: FEA Vs Test results

Hoop Stress in the

FEA Model Results

Test Results

Variation (%)

222.9 (MPa)

220(MPa)

1.31

322.6(MPa)

320(MPa)

0.815

Grid
Hoop Stress in the
Skin

From the above analysis and comparison, it is concluded that the FEA model is reliable. It can be
used to conduct parametric analysis.
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Figure 31: FEA model after loading (Skin failure)

Figure 32: Grid structure after loading
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6 Parametric Study
In the previous chapter the accuracy of the FEA model is verified. As the model is reliable it can
be used to perform some parametric study to evaluate the effect of different parameters on the
structural behavior of the confined cylinder. In this chapter the effect of skin thickness, grid
thickness and material properties on the load carrying capacity is presented. All the analyses are
run with the same value of k (elastic modulus of the Winkler foundation) and with the same
loading (70 MPa from test results).

6.1 Effect of Skin Thickness
The effect of skin thickness on the model is investigated using the finite element model. Six
analyses are performed to smoothly increase the skin thickness from 1mm to 5mm. Figure 33
shows the plot of results obtained from these analyses.
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Figure 33: Effect of skin thickness on hoop stress
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6

It is observed that as the skin thickness increases the hoop stress decreases for the same loading.
This kind of behavior can be attributed to the failure initiated in the skin during testing. By
increasing the skin thickness it can confine the concrete more effectively. It is also seen that once
the skin thickness exceeds a value, its effect on reducing the hoop tensile stress becomes small.
Therefore, the effectiveness of increasing the skin thickness is limited to a certain value. Figures
34 to 39 demonstrate the progressive failure of the skin during testing.

Figure 34: Skin failure-1

Figure 35: Skin failure-2
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Figure 36: Skin failure-3

Figure 37: Skin failure-4

From Figs. 33-39, it is seen that the skin fails first during the testing and the failure is progressive
and this is because the hoop tensile stress exceeds the longitudinal tensile strength of the rings.
Figures 40 to 42 show how the stress distribution has been reduced by increasing the skin
thickness in the FEA model.
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Figure 38: Skin failure-5

Figure 39: Skin failure-6
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Figure 40: Skin thickness 1mm

Figure 41: Skin thickness 3 mm
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Figure 42: Skin thickness 5 mm
6.2 Effect of Mechanical Properties of the Ribs

In this section, the effect of the grid mechanical properties on the axial strain is investigated
using the FEA model. By keeping Poison’s ratio υ12, υ23, and υ13 constant and by varying the rest
of the properties in Table 2 a plot is drawn, where E2 = 0.21×E1 and G12 = 0.064×E1.
Figure 43 illustrates change in axial strain with change in longitudinal modulus. A total of nine
analyses are conducted by changing the longitudinal modulus and the other properties
accordingly. From Figure 43 it can be shown that there is a decrease in the axial strain as the
longitudinal stiffness of the ribs increases. The decreases in axial strain suggests that an increase
in the stiffness of the cylinder. Since the modulus of the ribs is changed proportionally for all the
components (E1, E2, and G12) as E1 increases, it is expected that the stress will be the same if the
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same load is applied. This is exactly the case. The stress is almost the same as the E1, E2, and G12
increase. This further validates the reliability of the FEA model.
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Figure 43: Effect of material properties of the gird on axial strain
6.3 Effect of Grid Thickness

One of the significant design variables in an AGS confined cylinder is rib thickness. In this
section the effect of rib thickness on the hoop tensile stress is investigated by changing the
thickness at both the longitudinal and hoop directions. For this analysis a total of 5 models are
implemented from 1.27 mm to 12.7 mm. The effect on the hoop stress is shown in Figure 44. For
this analysis the material properties are kept the same as that of the model given in Table 2. From
Figure 44 it is seen that the hoop stress is decreased significantly as the rib thickness increases.
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This suggests that an increase in rib thickness is very effective to enhance the load carrying
capacity of AGS tube confined concrete cylinders.
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Figure 44: Effect of grid thickness on hoop stress

Figure 45: Deformation in the grid with thickness 2.54mm
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Figure 46: Deformation in the grid with thickness 12.7mm

Figures 45 and 46 show how the deformation and stress have come down in the FEA model with
the increase in the thickness of the grid.
6.4 Effect of Material Properties of the Skin

The effect of skin material properties on the behavior of the specimen is investigated in this
section. To evaluate the effect nine analyses are conducted by changing the material properties.
From Figure 47, the load carrying capacity is increased as the longitudinal modulus of the skin
increases. However, the effect is not very significant, at least not as significant as other
parameters investigated.
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Figure 47: Effect of skin material properties on hoop stress
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7 Comparison with Existing FRP Tube and Steel Tube Confined
Concrete Cylinders
FRP tubes and steel tubes are widely used in confining concrete. It is thus desired to investigate
the effectiveness of the AGS tubes. In this section the specific axial stress-strain behavior of
AGS tube, FRP tube, and steel tube confined concrete cylinders are presented and compared.
Using a balance, weight of an AGS tube, FRP tube and a circular steel tube are recorded which
are recorded as 0.580 Kg, 1.282 Kg and 5.080 Kg respectively. When preparing the AGS tube
confined concrete cylinders, the FRP tube and steel tube confined concrete cylinders are also
prepared using the same concrete and the same curing procedure. They are also subjected to the
same axial loading test. From Figure 48, the AGS cylinder has the highest maximum specific
axial stress when compared to that of the steel tube and FRP cylinders. It is thus concluded that,
using the same amount of material, AGS tube confined concrete cylinders would perform better
than solid steel tube and FRP tube confined counterparts. This significant feature can be
explained by the following factors. In steel tubes and FRP tubes the confinement is passive but in
AGS composite structures the confinement is converted into active confinement. When the
compressive load is applied on the AGS cylinder, the AGS tube is activated to confine the
concrete because of the mechanical interlocking. For the steel tube, in particular the FRP tube,
the confinement cannot be activated until the unconfined concrete strength is reached. It is also
seen that the specific axial stress-axial strain curve for AGS cylinders is steeper than steel and
FRP cylinders, which indicates that AGS cylinder utilized the axial stiffness of both the
confining tube and the concrete core. It is noted that, the ductility of the AGS tube confined
cylinder is the smallest. Other grid patterns such as the helical pattern may increase the ductility
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as a result of the loss of axial strength. The effect of grid pattern on the strength and ductility of
AGS tube confined concrete cylinders will be a topic for future studies.
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Figure 48: Specific axial stress vs. axial strain
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8 Conclusions
A manufacturing technique is developed to fabricate AGS composite structures. Two types of
AGS composite structures, a circular column and a square column with orthogonal grids are
developed. These structures are tested for confining concrete and are subjected to compression
test. The results are analyzed and it is shown that AGS tube can effectively confine concrete.
Compared with the steel tube and FRP tube confined concrete cylinders, the specific
compressive strength of the AGS tube confined concrete cylinder is the highest. It is found that
the failure mode of the AGS tube confined concrete is rib shear failure.
A FEA model is developed for circular cylinders using COSMOS/M. The model is evaluated
using the test results. It is validated that the FEA model is reliable and can be used to conduct
parametric analysis.
Based on the FEA model, a parametric study is performed on some of the design variables
involved in the AGS confined concrete structures. The parameters that are investigated are
modulus of the Winkler foundation, skin thickness, change in material properties of the grid, grid
thickness, and material properties of the skin.
It is found that the support of the concrete within the bay areas had a significant effect on the
strength of AGS tube confined cylinders. Increasing the stiffness of the concrete within the bay
areas can considerably enhance the strength of the AGS tube. This validates the motivation of
this study, i.e., the deficiency of AGS structure – local buckling or crippling failure can be
improved by providing lateral support, such as concrete in this study.
Increase in skin thickness and skin stiffness decreased the stress in the hoop direction. Therefore,
the skin is actually serving as dual purposes, forming a stay-in-place formwork during
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construction and providing confinement to the concrete within the bay areas. It is believed that
the skin should be designed in such a way that it will not fail before the rib failure.
It is found that the axial stress and axial strain are significantly reduced as the modulus of
elasticity of the ribs increased. It is an effective way of increasing the load carrying capacity of
the AGS tube confined concrete cylinders.
The hoop tensile stress is considerably decreased by increasing the rib thickness. Therefore,
using thicker ribs is effective in enhancing the load carrying capacity.
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9 Future Work
As discussed in the scope of the research the focus is being put on the manufacturing and the
structural behavior of AGS composite structures, the composite grid system developed in the
current study is not yet ready for field demonstration or commercialization. There is still a lot of
research needed. The recommendations specified below address technical requirements and
issues that should be carefully considered during any future commercialization phase.
•

Optimize the fiber and resin combination to improve strength, stiffness, ductility and
durability.

•

Automize the fabrication process.

•

Analyze the behavior of AGS structures when used under eccentric loadings.

•

Analyze the effect of change in the configuration of the grid structures.

•

Analyze the interactions of AGS structures with different types of structural materials.

•

Analyze the weaknesses and strengths of the grid structures.

•

Analyze the environmental effects on the AGS composite structures.

•

Analyze the effect of fatigue and creep on the grid structures.
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